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a b s t r a c t

Fiber-reinforced concrete (FRC) has been used in structural applications in order to enhance the struc-
tural performance under dynamic loading and reduce cracking and spalling phenomena by increasing
toughness, ductility, and tensile strength of the concrete. High-performance fiber-reinforced cement
based composite (HPFRC) is a high-strength FRC with enhanced high-performance characteristics. Recent
studies have shown that HPFRC has higher impact resistance than other types of concrete. Therefore, it
has been widely considered as a promising material for the construction of important and strategic
structures. HPFRC panels are tested by drop projectiles up to an impact at which failure occurs.
Mechanical properties of HPFRC are obtained to define material parameters in the MAT_SOIL_CONCRETE
model in LS-DYNA, which is used to simulate the behavior of HPFRC panel under impact loading and
perform parametric studies. Predicted crack and failure patterns on both sides of the HPFRC panel based
on finite element simulation are in good agreement with their corresponding experimental results.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Development of modern civil engineering applications has
generated an urgent need for high-performance engineering
materials which should possess outstanding qualities such as
high-strength, toughness, energy absorption and durability.
High-performance steel fiber-reinforced concrete (HPSFRC) is an
important type of high-performance concrete (HPC). It has been
frequently used in repair of highway pavements, bridge decks,
roofs, etc [1].

High-performance fiber-reinforced cement based composite
(HPFRC) is a special type of HPC which is characterized by a low
water-binder ratio (w/b), high quality pozzolanic material, and
without any coarse aggregates [2]. Metakaolin as a pozzolanic
material has shown remarkable effects on tensile, bending and
compressive strengths of concrete [3] as well as energy absorption
and toughness of HPFRC [4]. Also, addition of steel fibers signifi-
cantly improves the mechanical characteristics of concrete
including tensile, flexural, fatigue and impact strengths [5,6].
Additionally, inclusion of steel fibers in HPC specimens reduces the
brittleness of concrete and alters the mode of failure [7,8].

There is little in-depth understanding of the impact resistance of
HPC. Various aspects such as toughness, compressive strength,
flexural behavior, content and type of fibers, and characteristics of
cement matrix under different rates of impact and dynamic load-
ings have been investigated in recent years. Nevertheless, in
absence of a standard impact test technique for concrete specimen,
researchers have used different impact setups, specimen configu-
rations and instrumentations. They have also adopted different
analysis schemes to support the experimental data [9–16].

Bindiganavile and Banthia [9,10] demonstrated that adding
polymer and steel fibers increases energy absorption and flexural
strength of the concrete under impact loading. They also studied
effects of various parameters such as pullout strength, fiber types,
damage patterns and fractured surfaces under 3.3�10�5 m/s
quasi-static and 2 and 3 m/s impact loading rates. Moreover, in
2002, Bindiganavile et al. [11] introduced a new type of ultra-high-
performance concrete (UHPC), called CRC (compact reinforced
composite), with higher impact resistance than other types of
concretes. Their impact tests were carried out with a 60 kg
drop-mass, hitting a variable span beam specimen from heights of
up to 2.5 m. Alternatively, Parant et al. [12] studied the sensitivity of
a new UHPC, called MSFRCC (multi-scale fiber-reinforced cement-
based composite), under different rates of strain. To cover a large
range of loading rates, they employed two dynamic/impact tests
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using the four-point bending setup on thin slabs with three
quasi-static loading rates (3.3�10�6, 3.3�10�4 and 3.3�10�3 m/
s) and a block-bar device with bar velocity of 5.55 m/s. Their results
showed that with an increase in the strain rate, the modulus of
rupture and the uniaxial tensile strength would increase.

Marar et al. [13] developed a simple, economical and practical
drop-weight impact testing machine to determine the impact
resistance of high-strength fiber-reinforced concrete (HSFRC). They
investigated the effect of fiber type, fiber content and fiber
percentage on energy absorption, compressive toughness and
impact resistance of HSFRC. According to their results, the impact
resistance and compressive toughness increase with any increase in
the volume of steel fibers, and a logarithmic function governs the
relation between compressive toughness and impact energy of
HSFRC. An improved impact resistance of concrete mixtures that
included steel fibers was also observed by Ong et al. [14].

In another study, Dancygier et al. [15] performed a different
velocity impact test by means of a gas gun system on
800� 800� 200 mm HPC panels. They evaluated the influence of
the concrete mix ingredients and the amount and type of rein-
forcement on the performance of HPC under this type of loading.
These effects enhance the impact resistance, mainly by limiting the
damaged area. The importance and influence of HPC mix ingredi-
ents on its impact resistance have also been reported by Zhang
et al. [16].

Since HPFRC provides advantages over traditional reinforced
concretes in civil engineering applications and has excellent impact

resistance properties, it can be employed for construction of new
strategic structures, retrofit of existing reinforced concrete struc-
tures and applications exposed to various sudden loadings.

Numerical simulations of dynamic structural response have
increasingly become important in the analysis and design of
concrete structures subjected to impact and blast loadings in recent
years. Nevertheless, there are few available numerical researches
on penetration resistance of fiber-reinforced concrete (FRC) under
impact loadings [17,18]. Complexity of HPFRC, combined with the
difficult task of impact and penetration analysis, necessitates
powerful sophisticated computational tools and good under-
standing of HPFRC material response in order to accurately predict
the overall behavior.

In recent decades, several codes have been developed to model
impact and explosion such as ANSYS, ELFEN, ABAQUS, LS-DYNA,
and AUTODYN. Also, various material models of different types of
concrete have been proposed for impact analysis [17–22]. Most of
them are dedicated to high-strength and steel-reinforced brittle
concrete structures under transient dynamic loadings [19,20]. In
such models, damage accumulation, strain-hardening and strain
rate are considered [21]. In some others, an equation of state (EOS)
is also included [18,22]. A major drawback, however, is that many
of them require too many parameters, some of which have no
physical meaning, and cannot be determined by conventional
material tests. A valid constitutive equation of HPFRC is required for
a reliable numerical simulation, particularly when characteristics of
post-peak or stress softening of HPFRC is included in the analysis.

Agardh and Laine [18] performed a numerical simulation of FRC
under high velocity impact loading using the LS-DYNA code. The

Nomenclature

CRC compact reinforced composite
d upper diameter of truncated cone
D lower diameter of truncated cone
E modulus of elasticity
eik internal plus kinetic energy
3y yield strain
EOS equation of state (Pressure P versus volumetric strain)
fc compressive strength
FE-model finite element model
FRC fiber-reinforced concrete
ft tensile strength
G shear modulus
HSFRC high-strength fiber-reinforced concrete
HPC high-performance concrete
HPFRC high-performance fiber-reinforced cement based

composite
HPSFRC high-performance steel fiber-reinforced concrete
K bulk modulus
l/d aspect ratio

LCFP load curve for plastic strain at which fracture begins
versus Pc

LCRP load curve for plastic strain at which residual strength
is reached versus Pc

LCYP load curve for yield stress versus P
M projectile mass
MSFRCC multi-scale fiber-reinforced cement-based composite
MTS material testing system
P pressure; P¼ (3Pcþ sy)/3
PC portland cement
Pc confinement pressure
RPC reactive powder concrete
SFRC steel fiber-reinforced concrete
SIFCON slurry infiltrated fiber concrete
sy yield stress
su ultimate stress
UHPC ultra-high-performance concrete
V volume of specimen corresponding to pressure P
V0 initial volume of specimen
Vr residual velocity
n poisson’s ratio
W/B water-binder ratio (Water-cementitious material ratio)

Table 1
Matrix mix proportion.

Items Type kg/m3

Cement Type II 1020
Pozzolanic material Metakaolin 180
Aggregate Sand (0–1 mm) 850
Water – 385
W/B (water-binder ratio) – 0.32
Superplasticizer Polycarboxylate 18 (1.5% of cementitious material)
Steel fiber Steel 2% (by volume)

Table 2
General characteristics of fibers.

Fiber type Steel fiber

Section shape Circle
Length (mm) 30
Diameter (mm) 0.25
l/d (aspect ratio) 120
Tensile strength (MPa) 2200
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results of their finite element simulation model such as the velocity
of projectile after penetration and diameters of craters were in
fairly good agreement with real test results. In another numerical
study, Teng et al. [17] employed a simple elastoplastic material
model and the LS-DYNA code to model the non-linear softening
behavior of FRC with 1, 1.5 and 2% steel fibers. They also carried out
a number of preliminary mechanical tests such as uniaxial
compression and split tests to obtain the material properties and
non-linear stress-strain curve of steel fiber-reinforced concrete
(SFRC). They compared the numerically predicted residual velocity
of projectile and the cavity diameters of concrete targets with the
test results.

This paper consists of two parts: experimental program and
numerical simulation. In the first part, with the background of some
recent researches on reactive powder concrete (RPC), FRC, HPC,
HPFRC and slurry infiltrated fiber concrete (SIFCON) [23–25], the
whole process of making HPFRC samples, mix proportions, impact
test setup and results of mechanical tests are described. The adopted
impact test is similar to the recommendation of ACI 544.2R [26]. In
the second part, numerical simulations of impact tests are
comprehensively discussed and compared with their corresponding
test data. Moreover, a combined efficient material model, based on
comprehensive mechanical properties of HPFRC, is adopted. The LS-
DYNA explicit finite element code is utilized to analyze the impact
resistance of HPFRC panels under low velocity projectile impacts.

2. Experimental program

The experimental program was composed of two parts: the
impact test and the additional tests required for determination of
mechanical properties of HPFRC, which will be used later in
numerical simulations.

2.1. Materials and mixture proportions

Portland cement (PC) and metakaolin as a pozzolanic additive
were used in this study. The aggregates were crushed limestone
with the maximum size of 1 mm, specific gravity of 2.50 gr/cm3 and
absorption value of 3.2%. Polycarboxylate super-plasticizer was
used to improve the workability of fresh mortar. Table 1 defines the
matrix mix proportion used for all samples in order to obtain
a compressive strength over 110 MPa. The mixture was reinforced
by steel fibers whose characteristics are defined in Table 2.

2.2. Specimen preparation, casting and curing

Cement, metakaolin and aggregates were first blended in dry
condition, and then water with super-plasticizer was gradually
added to the mixture to provide a homogeneous mortar.

For HPFRC panels, the prepared mortar was poured into
300� 300� 23 mm steel molds in three layers. After preparation of
the first layer, fibers were randomly dispersed in a horizontal
direction, and the mold was then vibrated softly to ensure that the
matrix completely surrounds the fibers. The same two steps were
repeated until the panel was completely cast. This is an innovative
approach for preparing HPFRC with high volume fraction of
oriented fibers based on the methodology of making SIFCON [27].

With the purpose of determining mechanical properties of
HPFRC, the mortar was also cast into cylindrical and dog-bone
shaped molds, corresponding to ASTM C 39 [28], ASTM C 469 [29]
and ASTM C 801 [30] in several layers of approximately one
centimeter thickness. Freshly cast specimens were kept in the mold
for 24 h, and then demolded and cured in water for 28 days at 22 �C
temperature.

2.3. Impact tests

For impact tests, a drop-weight impact-testing apparatus was
used. Fig. 1 illustrates the impact test setup and details of
constraints. It consists of two stiff constraints which restrain the
specimen from translation and rotation, an 8.5 kg steel cylindrical
projectile with 50 mm diameter and 550 mm height, a hard rubber
preventing generation of stress concentration, and bolts to fix the
test setup.

The projectile was dropped on the HPFRC panel
(300� 300� 23 mm) from one meter height periodically until the
failure occurs. It should be noted, however, there was approxi-
mately 5% reduction in impact velocity of the projectile due to
friction and other test setup energy losses, leading to the impact
velocity of nearly 4.23 m/s. After every strike, deflection of the
lowest point was measured together with a fixed accurate photo-
graphic setup from the front and back of the panel to record crack
propagation patterns on both sides of the specimen. Impact tests
were conducted on four series of HPFRC samples and one plain
concrete sample.

2.4. Mechanical properties tests

Compressive, triaxial, and direct tensile tests were carried out in
order to obtain the mechanical properties. Compressive and triaxial
tests were performed on cylindrical samples with 75 mm diameter
and 150 mm height, while direct tensile specimens were prepared
in dog-bone shape, as shown in Fig. 2. MTS machine was used for all
tests. Two axial and lateral strain gauges (with the accuracy of
10�5 mm/mm) were used to measure the strains. Signals from the
strain gauges and MTS machine were directly recorded using a data
acquisition system.

The loading procedure defined by ASTM C 469 [29] was followed
for all specimens. Each specimen was loaded to a stress of about 20

Fig. 1. Rigid constraints used for the impact test: the mid-section of test apparatus (Left); and the top view without the specimen and the upper rigid constraint (right).
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percent of its ultimate stress and unloaded to a stress level of about
5 percent of the ultimate stress. The specimen was then reloaded to
reach failure. The data taken from the last loading cycle were
recorded as the final results. The loading was applied with the
strain rate of 0.0001 1/s for both compressive and triaxial tests and
0.00005 1/s for the direct tensile test.

3. Results and discussion of experimental tests

The experimental tests were conducted in two parts: impact
tests and mechanical tests; whose details are separately presented
and discussed.

3.1. Results of impact tests

Failure patterns, crack propagation and crack width in various
sides of specimens were measured and recorded during the
experiments at the end of each impact. Generated maximum
deflection in each impact, and observed failure width were also
measured.

The plain concrete specimen failed in the first strike. It was
divided into seven pieces. A circular shear punching failure was also
occurred with a diameter of 153 mm. Moreover, because of the
effect of boundary conditions, some cracks were generated near the
corners of the panel in truncated circular shapes. The failure
patterns and crack propagation on top and bottom sides of the
specimen are shown in Fig. 3.

For four HPFRC specimens (B1, B2, B3 and B4), the results show
that:

– In the first strike, radial flexural micro-cracks were generated
and further extended in the next strikes. In the two final strikes,
punching failure was observed and enlarged with the effect of
circular micro-cracks. Ultimately, the shear punching failure
was the governing failure mode of the specimens. Fig. 4 depicts
the crack propagation patterns for the B2 specimen at succes-
sive impacts. Similar patterns were observed for other
specimens.

– The punching failure was occurred in a truncated cone shape
with its upper diameter (d) smaller than the lower one (D).
Failure patterns for all specimens are illustrated in Fig. 5. Only
for the B4 specimen the failure was not observed in a circular
symmetric shape. Moreover, the upper and lower diameters of
the punching truncated volume are presented in Table 3. For
the B4 specimen an average diameter was used in Table 3.

– Table 4 shows the deflections associated with the successive
strikes on HPFRC specimens. It demonstrates that all HPFRC
panels have resisted up to five strikes, except for the B1 spec-
imen which was due to improper fixture of the panel. The B2
specimen reached to the threshold of failure in the fifth strikes,
and so could further resist well into the sixth impact.

3.2. Results of mechanical tests

The plain concrete has the properties of fc¼ 85 MPa,
E¼ 26.48 GPa, K¼ 14.71 GPa, G¼ 11.03 GPa, n¼ 0.20 and negligible
tensile strength, while HPFRC has ft¼ 6.9 MPa, fc¼ 96 MPa,
E¼ 27.57 GPa, K¼ 16.41 GPa, G¼ 11.30 GPa and n¼ 0.22. Relatively
low values of mechanical properties, especially the modulus of
elasticity, can be attributed to the high content of the cementitious
material (1200 kg/m3) and the use of very fine aggregates which
are necessary to obtain a high strength workable mortar. As a result,
elastic modulus of plain concrete or HPFRC tends toward the elastic
modulus of cement mortar. Similar results were reported by Naa-
man et al. [27] for SIFCON whose mortar was similar to the present
mix design.

In the direct tensile test of the HPFRC sample, whose obtained
stress–strain curve is shown in Fig. 6, the ultimate strain reached to
about 0.012 and the HPFRC specimen acted similar to a plastic
material, illustrating the high-performance of HPFRC. Moreover,
the results obtained from triaxial tests are shown in Table 5.
Increasing the confinement pressure (Pc) leads to the substantial
increase in yield stress (sy), ultimate stress (su), yield strain (3y) and
pressure P (P¼ (3Pcþ sy)/3). Triaxial based properties of HPFRC will
be used in the finite element model (FE-model) in order to define
the yield stress surface.

4. Numerical simulation

Due to the efficiency of LS-DYNA in simulation of impact on
structures and its capability in modeling different types of concrete
materials, this software was adopted for the numerical simulations.
The FE-models were generated with the pre-processor FEMB ver.
28 and analyzed with the solver LS-DYNA ver. 971. Post processing
of the results was performed with LS-PREPOST ver. 2.1.

4.1. Geometric modeling

To mesh the panel and the projectile, hexahedron elements
were used, whereas tetrahedron elements were adopted for
modeling the rigid constraints. The total number of constant stress
elements in the FE-model was 201326. Finite element modelings of
the projectile and the panel are illustrated in Fig. 7.

Fig. 2. MTS machine; cylindrical sample for the compressive test (left), dog-bone
shape sample for the direct tensile test (right).

Fig. 3. Failure patterns of plain concrete specimen on top surface (Left) and bottom
surface (right).
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In order to model the boundary conditions, all nodes located on
the lower hard plastic and four edge nodes on the top of the rigid
plate were fixed along the impact direction, which are similar to the
real constraints of the apparatus, as depicted in Fig. 1.

4.2. Impact modeling

The projectile strikes the panel with the velocity of 4.23 m/s,
which is equivalent to 95% of 1 m free fall velocity to resemble the
partial loss of projectile energy, as discussed in section 2.3. The
contacts between the projectile and the panel and also between the
panel and the constraints are defined by the CON-
TACT_AUTOMATIC_SURFACE_TO_SURFACE option [31].

Three distinct methods are available in LS-DYNA for handling
the contact/impact phenomena: the kinematic constraint method,

Fig. 4. The crack propagation patterns on top (above) and bottom (below) of B2 specimen at: (a) 1st strike (primary flexural cracks are generated); (b) 2nd strike (flexural cracks are
developed); (c) 3rd strike (flexural cracks are extended and shear punching cracks are also generated); (d) 4th strike (shear punching cracks are extended while flexural cracks
remain unchanged); (e) 5th strike (the specimen is on the verge of failure, and is temporarily held by fibers).

Fig. 5. Final failure patterns in top (left) and bottom (right) sides of different HPFRC panels.

Table 3
The number of strikes and diameters of punching failure mode in both sides of the
panels.

Sample B1 B2 B3 B4 Meana

The number of applied
impacts associated
with the first crack

1 1 1 1 1

The number of applied
impacts at the failure
moment

7 6 5 5 5

D (mm) 180 140 170 165 158.33
d (mm) 55 57 55 55 55.66

a For calculating the mean value, results of B1 sample were omitted and the
failure was assumed to occur at 5th strike.
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the penalty method and the distributed parameter method. In this
research, only the penalty method was used.

One of the major difficulties in solving a contact problem is the
proper assignment of the value of the penalty stiffness which affects
the accuracy and stability of the solution. The use of an excessively
high value of the penalty stiffness may lead to numerical errors and
reduction of stable time increments, since the penalty springs
increase the overall stiffness associated with the interface nodes. On
the other hand, smaller values of the penalty stiffness could lead to
wrong solutions in the forms of excessive interpenetration and
incorrect estimates of the stick region. In order to use the appro-
priate value of penalty stiffness factor for the master and slave
surfaces, a sensitivity analysis using several numerical studies
should be conducted [32,33]. In LS-DYNA the default penalty factor is
set to 1, which can be changed according to the rigidity of master and
slave. Several simplified numerical analyses were carried out with
penalty factors of 0.1, 0.9, 1, 1.1 and 10 (Table 6). While no major
differences were observed among the results of 0.9,1 and 1.1 penalty
factors, the value of 0.9 provided appropriate responses in every
strike. Interpenetration between master and slave surfaces was
observed for the case of 0.1, while the panel showed a rather rigid
behavior for the value of 10. As a result, a unique value of 0.9, sug-
gested by LS-DYNA and calibrated by simplified qualitative numer-
ical/experimental comparisons, was assigned to all FE-models of the
test simulations to obtain the reported results.

To model periodic impact loading, a restart analysis was per-
formed with a new impact after completion of each strike; the
results at the end of each impact were assumed as the input state
for the next impact analysis.

4.3. Material modeling

4.3.1. Concrete model
The stress tensor can be decomposed into hydrostatic and

deviatoric stress components. In the case of shock loading, the
hydrostatic part may be described by an EOS for expressing the
shock pressure versus specific volume. The deviatoric part is used
to define the yield, failure and residual strength surfaces in 3D

principal stress space. Normally, the effect of internal temperature
changes are neglected in material models for concrete [18].

Several concrete models are available in LS-DYNA [34] such as
Winfrith Concrete Model, Pseudo Tensor Concrete/Geological
Model, Concrete Damage Model, Brittle Damage Model and
Soil-Concrete Model which have been comprehensively discussed
by Agardh and Laine [18].

In this research, the SOIL_CONCRETE model (TYPE78) was used
to simulate FRC behavior. Features such as considering: (a) varia-
tion of pressure versus volumetric strain as an EOS; (b) compressive
and tensile yield stresses versus different confinement pressures;
(c) residual strength after cracking, pressure cutoff for tensile
fracture which is equivalent to pullout strength in FRC; and (d) the
erosion option make this material model appropriate for modeling
both FRC and plain concrete. The only weakness can be attributed
to the lack of shear failure, which is a significant factor in simulation
of HPFRC.

The material parameters, obtained from the mechanical tests
and used in the FE-model, are defined in Table 7. The proposed
curve for yield stress versus pressure P (LCYP) is compared with the
results of Girin et al. [35] in Fig. 8. Also, the curve of plastic strain at
which fracture begins versus confinement pressure Pc (LCFP) and
the curve of plastic strain at which residual strength is reached
versus confinement pressure Pc (LCRP) are indicated in Fig. 9. The
plastic strain for damage initiation (LCFP) was obtained from
triaxial tests. In addition, it was observed in triaxial tests that after
reaching the yield strain, samples first deformed to strains of about
0.0005–0.0015 higher than the yield strain. Then, they gradually
reached to residual strengths of about 0.7–1.2 times of the yield

Table 4
The number of strikes and its generated deflection.

Sample Maximum deflection of the midpoint of the panel in every strike (mm)

1st strike 2nd strike 3rd 4th 5th 6th 7th

B1 0 1 2 4 7 14 Failure
B2 1 2 4 7 17 Failure
B3 1 2.5 5 10 Failure
B4 1 2.5 5 9 Failure

Fig. 6. The stress-strain curve obtained from the direct tensile test for the HPFRC
specimen.

Table 5
Triaxial test results.

Pc (confinement
pressure) MPa

sy (yield
stress) MPa

su (ultimate
stress) MPa

3y (yield strain)
mm/mm

Pa (pressure)
MPa

0 105 105 0.00431 35.00
89.48 89.48 0.00392 29.83
93.38 93.38 0.00380 31.13

5 98.93 110.12 0.00909 37.98
113.51 115.69 0.00981 42.84

10 118.4 133.79 0.0151 49.47
119.2 131.8 0.0147 49.73

15 130 160 0.0180 58.33
130 159 0.0183 58.33

20 140 169 0.0208 66.67
149 172 0.0232 69.67

a At the moment of yielding: P¼ (3Pcþ sy)/3.

Fig. 7. The FE-model of the whole problem (left) and the concrete panel (right).
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stress. Therefore, LCRP data were obtained with the assumption
that specimens were yielded to strain levels of 0.001 higher than
LCFP. Also the residual strength factor after cracking was selected as
0.9 (it must be between 0 and 1). For more description about LCYP,
LCFP, LCRP and residual strength factor see Refs. [31,34].

All corresponding data were taken from the mechanical tests.
Only for the curve of pressure versus volumetric strain, the data
from tests of concrete specimens, performed by Gregsson [36] and
used by Agardh and Laine [18], were used with uniaxial compres-
sive and tensile strengths of 80 and 5 MPa, respectively (see Fig. 10).
Also, the value of 30 MPa for pressure cutoff was selected on the
basis of research by Bindiganavile and Banthia [9], who investi-
gated the pullout behavior of fibers under impact loadings. Because
the mortar of HPFRC specimens was stronger than their mortar, the
cutoff pressure was assumed slightly higher than their result for
low rate of impact loadings.

In order to enhance the capability of SOIL_CONCRETE model for
simulation of shear failure, in addition to the erosion part of this
model, the MAT_ADD_EROSION option was used with an ultimate
shear strain of 0.012 for HPFRC. This value was estimated based on
the result of direct tensile test which indicated a plastic behavior up
to the strain of 0.012 and a decreasing trend afterwards (Fig. 6). In

general, however, direct shear tests have to be conducted to obtain
the accurate value of ultimate shear strain.

4.3.2. Constraints and the projectile
A linear elastic model was used for modeling the constraints of

impact test setup and the projectile due to the fact that both
systems remain well within the elastic limits under low velocity
impacts. Density, modulus of elasticity and Poisson’s ratio were
assumed to be equal to 7800 kg/m3, 210 GPa, and 0.3, respectively.
Specifications of the hard rubber were assumed as E¼ 2.8 GPa and
n¼ 0.43.

5. Results and discussion of numerical simulation

The finite element simulations were performed on a high speed
parallel computer (2 Shared memory stations, each comprising quad
core AMD athlon 6000þ, 3.02 GHz), taking about 3 and 15 h for
simulation of plain concrete and HPFRC panels, respectively. Five
restart analyses were performed in order to simulate all five strikes.

Plain concrete failed in the first strike, as did in the test, with
a failure pattern (Fig.11) similar to the experiment (Fig. 3). Fig.11 also
illustrates crack patterns at times of 0.001199, 0.001299, 0.0015, and
0.0077 s. It shows that the panel has been divided into seven parts

Fig. 9. Load curve for plastic strain at which fracture begins versus Pc (LCFP); and Load
curve for plastic strain at which residual strength is reached versus Pc (LCRP).

Fig. 10. Pressure P versus volumetric strain (EOS) taken from Gregsson [36], where V is
the volume of specimen corresponding to pressure P and V0 is the initial volume of
specimen.Fig. 8. Yield stress versus pressure P (LCYP).

Table 7
Input data for the SOIL_CONCRETE material.

Parameter Plain concrete HPFRC

Density (kg/m3) 2291 2376
Shear modulus (GPa) 11.03 11.30
Modulus of elasticity (GPa) 26.48 27.57
Bulk modulus (GPa) 14.71 16.41
Poisson’s ratio 0.20 0.22
Pressure cutoff (MPa) �3 �30
Residual strength factor after cracking 0 0.9

Table 6
Results of sensitivity analysis for choosing the value of penalty factor.

Penalty factor Deflection of the midpoint of the bottom surface (point A in FE-
model) in every strike (mm)

1st strike 2nd strike 3rd 4th 5th 6th

0.1 Interpenetration
0.9 1.2 2.7 4.1 8.4 Failure
1.0 1.2 2.8 4.5 7.2 Failure
1.1 1.2 2.8 4.8 6.8 9.5 Failure
10 1.2 2.9 4.9 8.1 Failure
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and both flexural and shear punching cracks can be observed in
radial and circular cracks, respectively. Also, some cracks are
observed in truncated circular shapes near the corners of FE-model,
but they are much less than the experimental corner cracks.

The internal plus kinetic energy (eik) of the system for plain
concrete model is depicted in Fig. 12. The increasing trend
implies that the plain concrete panel could not resist the
projectile, and due to continuing penetration of the projectile
into the specimen (in the numerical model), the converted
kinematic energy increases eik of the system, continuously. A
small perturbation around the time of 0.01 s, associated with the
collapse moment, can be attributed to the energy absorbed by
eroded elements whose accumulated energy was higher than
the added projectile kinematic energy.

The number of strikes endured by the FE-model of HPFRC was
five, equal to the experimental results for B3 and B4 specimens.
Average deflections of the midpoint on the bottom surface from
tests and the FE-model are compared in Table 8, showing a fairly
good agreement. Trends of crack growth in successive strikes are
also similar. For the first, second and forth strikes, numerical results
are slightly overestimated, whereas for the third strike it is
underestimated. The maximum difference of numerical and
experimental results is less than 0.6 mm.

Development of crack patterns is monitored in Figs. 13 and 14,
corresponding to times of 0.0021999, 0.0086999, 0.0121, 0.0151,
and 0.0182 s, which are associated with the five strikes. According
to these figures, flexural cracks in earlier steps were generated
similar to the test results, and the punching failure was observed in
a truncated cone shape with upper and lower circular pattern
diameters of about 58 and 158 mm (A-1 to A-2 and B-1 to B-2
distances, respectively, in Fig. 14). These are comparable to the
experimental results of Table 3. The predicted diameter for the
upper circle is slightly larger than the mean experimental results,
whereas the lower circle diameter is closely similar to the mean
experimental value.

For both plain concrete and HPFRC models, numerical predic-
tions of failure pattern and crack propagation resulted in asym-
metric patterns. It can be attributed to the element by element

procedure of erosion control in an explicit dynamic analysis which
may locally affect other elements once a neighbor element is eroded.
Such an asymmetric local pattern does not affect the global solution.

Although the model could be simplified by taking into account
the planes of symmetry, the finite element mesh was created for the
entire model. Such a complete model can be used to simulate oblique
impacts (which is the subject of an independent research) and is
capable of investigating potential asymmetric failure patterns.

Variations of total, eik and eroded energies in time are shown in
Fig. 15. Each jump in total energy and eik curves represents the
difference of kinematic energy of the projectile with the velocity of
4.23 m/s and the residual velocity of previous strike. In other words,
if M and Vr denote the projectile mass and the residual velocity of
previous strike, respectively, each jump of energy is equal to
0.5M(4.232� Vr

2). There is, however, a decrease in eik of the system
after each impact (especially after the 3rd and 4th strikes). This loss
of energy is attributed to the extensive cracking of the specimen
and the un-accounted fracture energy release rates of eroded
elements. The eroded energy of the system is shown in Fig. 15 C.

Fig. 11. Failure patterns for plain concrete predicted by the FE-model at times of 0.001199, 0.001299, 0.0015, and 0.0077 s, respectively from left to right.

Fig. 12. Predicted internal plus kinetic energy eik of the plain concrete FE-model.
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According to this figure, the total energy loss due to the erosion of
elements during the impact test is about 31 J, equal to the differ-
ence of total energy and eik.

Numerical results of the HPFRC model were obtained by
assuming an ultimate shear strain equal to 0.012, which is an
appropriate value especially for modeling the punching phase of
failure. This is an acceptable assumption for HPFRC because of its
enhanced properties provided by fiber and high-strength uniform
paste. This characteristic of HPFRC was also observed in the direct
tensile test, where it could tolerate tensile strains of up to 0.012.
Straining beyond this limit would cause a low rate decreasing trend

as depicted in Fig. 6. Moreover, such performance of HPFRC was
observed in the impact tests where the HPFRC specimens endured
high strains of shear failure.

Finally, the present SOIL_CONCRETE material model which
consists of the experimentally obtained yield surface, LCFP and
other basic material parameters, as well as, the set of proper
assumption of EOS, pressure cutoff and LCRP have proved to be an
efficient HPFRC model under low velocity impact and low confining
pressures. Moreover, addition of MAT_ADD_EROSION option with
an ultimate shear strain allows for simulation of global punching
failure of the HPFRC specimen.

Table 8
Comparison of average deflections of the midpoint on the bottom surface from experimental results and the FE-model.

Sample Deflection of the midpoint of the bottom surface (point A in FE-model) in every strike (mm)

1st strike 2nd strike 3rd 4th 5th

Experimental results (mean value)a 1 2.33 4.66 8.66 Failure
FE-model 1.24 2.76 4.08 8.75 Failure

a For calculating the mean value, results of B1 sample were omitted and the failure was assumed to occur at 5th strike.

Fig. 13. Predicted crack propagation on top (above) and bottom (below) surfaces at times of 0.0021999, 0.0086999, 0.0123, 0.0151 s which are respectively associated with the time
between: (a) the first and second strikes (primary flexural cracks are generated); (b) the second and third strikes (flexural cracks are developed); (c) the third and fourth strikes
(flexural cracks are extended while shear punching cracks are generated); (d) the fourth and fifth strikes (shear punching and flexural cracks are further extended).

Fig. 14. Predicted failure pattern at time of 0.0182 s on top (Left) and bottom (right) surfaces (the time after the fifth strike); the shear punching failure has occurred.
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6. Conclusion

According to the results obtained from experimental tests and
the FE-model, the following conclusions can be made:

– HPFRC has higher impact resistance than plain concrete.
Evidently, addition of steel fibers to the plain concrete makes it
more impact resistant.

– The adopted yield surface properties are appropriate for
investigating the triaxial behavior of HPFRC in low confinement
pressures. More research is required to study triaxial behavior
of HPFRC for high confinement pressures in order to simulate
HPFRC samples subjected to high velocity impacts.

– The results obtained from the finite element analysis such as
the number of strikes for the failure initiation, midpoint
deflection, diameters of upper and lower circular damage
patterns of the generated truncated cone, and the shape of
failure patterns are in good agreement with corresponding
experimental results.

– The combination of SOIL_CONCRETE material model with the
MAT_ADD_EROSION option allows for efficient simulation of
HPFRC. However, direct shear tests are then required to obtain
the accurate value of ultimate shear strain in MAT_ADD_ER-
OSION option.

– In addition, the SOIL_CONCRETE material model remains
accurate for modeling plain concretes subjected to low velocity
impact.
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